Abstract-This letter presents a novel two-stage noise adaptive fuzzy switching median (NAFSM) filter for salt-and-pepper noise detection and removal. Initially, the detection stage will utilize the histogram of the corrupted image to identify noise pixels. These detected "noise pixels" will then be subjected to the second stage of the filtering action, while "noise-free pixels" are retained and left unprocessed. Then, the NAFSM filtering mechanism employs fuzzy reasoning to handle uncertainty present in the extracted local information as introduced by noise. Simulation results indicate that the NAFSM is able to outperform some of the salt-and-pepper noise filters existing in literature.
I. INTRODUCTION

S
ALT-AND-PEPPER noise is a special case of impulse noise, where a certain percentage of individual pixels in digital image are randomly digitized into two extreme intensities. Normally, these intensities being the maximum and minimum intensities. The contamination of digital image by salt-and-pepper noise is largely caused by error in image acquisition and/or recording. For example, faulty memory locations or impaired pixel sensors can result in digital image being corrupted with salt-and-pepper noise [1] .
The need to remove salt-and-pepper noise is imperative before subsequent image processing tasks such as edge detection or segmentation is carried out. This is because the occurrence of salt-and-pepper noise can severely damage the information or data embedded in the original image. One of the simplest ways to remove salt-and-pepper noise is by windowing the noisy image with a conventional median filter [2] . However, the conventional median filter, which restores each pixel with the median pixel in the filtering window regardless whether it is a noise or noise-free pixel, exhibits blurring of filtered images.
Recently, Luo in [3] proposed an efficient detail-preserving approach (EDPA) based on alpha-trimmed mean statistical estimator. Similarly, an efficient edge-preserving algorithm (EEPA) is introduced in [4] for the removal of salt-and-pepper noise without degrading image fine details. Then, Chen and Wu [5] proposed the adaptive impulse detector with center-weighted median (ACWM) filter to effectively remove salt-and-pepper noise. These methods only perform well when an image is corrupted with 50% of salt-and-pepper noise or lower. On the other hand, the decision-based algorithm (DBA) filter in [6] and the open-close sequence (OCS) filter based on mathematical morphology [7] are shown to be able to filter high-density of saltand-pepper noise corruption, but at the expense of fine image details or high computational time [8] .
In this letter, we proposed a new type of salt-and-pepper noise filter called the noise adaptive fuzzy switching median (NAFSM) filter. The NAFSM filter is a hybrid between the simple adaptive median filter in [9] and the fuzzy switching median filter in [1] . The adaptive behavior enables the NAFSM filter to expand the size of its filtering window according to the local noise density, making it possible to filter high-density of salt-and-pepper noise. Meanwhile, the inherited switching median behavior will speed up the filtering process at the same time preserving image details by selecting only "noise pixels" for processing. In addition, the resorted fuzzy reasoning deals with the uncertainty presence in the local information and helps to produce an accurate correction term when restoring detected "noise pixels".
The rest of the letter is organized as follows. Section II introduces the NAFSM filter and Section III compares the simulation results for the filters implemented. Section IV concludes the work in this letter.
II. NOISE ADAPTIVE FUZZY SWITCHING MEDIAN FILTER
The proposed NAFSM filter is a recursive double-stage filter, where initially it will perform the salt-and-pepper noise intensities detection before identifying the locations of possible noise pixels. When a "noise pixel" is detected, it is subjected to the next filtering stage. Otherwise, when a pixel is classified as "noise-free," it will be retained and the filtering action is spared to avoid altering any fine details and textures that are contained in the original image.
A. Detection Stage
The proposed NAFSM filter will utilize the noisy image histogram as to estimate the two salt-and-pepper noise intensities. Based on the assumption that an image corrupted with salt-and-pepper noise will produce two peaks at the noisy image histogram [10] , the detection stage begins by searching for these two peak intensities. However, this assumption does not always hold true, especially when an image is corrupted with extremely low-density of salt-and-pepper noise. In this case, other noisefree intensities will peak in the noisy image histogram instead of the salt-and-pepper noise intensities. As a result, when the noise intensities are wrongly detected, the salt-and-pepper noise will be left unfiltered in the noisy image. As to overcome this problem, the local maximum, which is the first peak encountered when traversing the image histogram in a particular direction, is used [1] . Therefore, the detection algorithm of the proposed NAFSM filter will search for the two local maximums, and , representing the two saltand-pepper noise intensities starting from both ends of the noisy image histogram. The search is directional sensitive and will be directed towards the center of the histogram. When both local maximums, and , are found, the search will be halted immediately. Normally, for an image stored as an 8-bit integer, while as shown in Fig. 1 . These two salt-and-pepper noise intensities will be used to identify possible "noise pixels" in the image. A binary noise mask will be created to mark the location of "noise pixels" by using or otherwise (1) where is the pixel at location with intensity , represents "noise-free pixels" to be retained from the noisy image while represents "noise pixels" subjected to the next filtering stage.
B. Filtering Stage
After the binary noise mask is created, "noise pixels" marked with will be replaced by an estimated correction term. The proposed NAFSM filter uses a square filtering window with odd dimensions, given as (2) Then, the number of "noise-free pixels", in the filtering window is counted using
If the current filtering window does not have a minimum number of one "noise-free pixel" (i.e., ), then the filtering window will be expanded by one pixel at each of its four sides (i.e.,
). This procedure is repeated until the criterion of is met. For each detected "noise pixel", the size of the filtering window is initialized to 3 3, i.e., . These "noise-free pixels" will all be used as candidates for selecting the median pixel, , given by (4) This criterion of choosing only "noise-free pixels" is imposed to avoid selecting a "noise pixel" as the median pixel. However, the number of "noise-free pixels" for selecting the median pixel is also crucial because a large number of "noise-free pixel" samples will consume higher computing time and also yield an inaccurate median term for restoration. This statement is derived from simulations using 'Lena' image corrupted by salt-and-pepper noise as shown in Fig. 2 . These 3-D plots indicate a minimum number of one "noise-free pixel" is to be used in order to produce the best peak signal-to-noise ratio (PSNR) restoration result and fastest processing time. These simulations are also carried out using several other standard test images and the shapes of the 3-D plots obtained very much resemble the 3-D plots shown in Fig. 2 .
Since the detection of "noise pixels" is based on the detected salt-and-pepper noise intensities and , noise-free pixels may be falsely identified as "noise pixels" at image uniform regions having same intensities as or . Consequently, the filtering window will be expanded continuously and the selected median pixel may be inappropriate to be used as a correction term. Considering this possibility, the search for "noise-free pixels" is halted when the filtering window has reached a size of 7 7 (or ) although no "noise-free pixel" is detected, i.e.,
. In this case, the first four pixels in the 3 3 filtering window defined by (5) will be used to compute the median pixel (6) The first four pixels chosen, which made up the upper-left diagonal of the 3 3 filtering window, can be justified by the recursive nature of the proposed NAFSM filter. As a result from the recursive behavior, any "noise pixels" in the upper-left diagonal of the 3 3 filtering window would have been restored and updated with "noise-free pixels" during earlier processing. Therefore, using the maximum four "noise-free pixels" in the upper-left diagonal will yield a more accurate median pixel instead of considering all eight connected neighboring pixels.
After the median pixel is found, the local information in a 3 3 window is extracted by first computing the absolute luminance difference as given by (7) Then, the local information is defined as the maximum absolute luminance difference in the 3 3 filtering window (8) The choice of using maximum operator rather than the minimum operator can be clearly demonstrated in Fig. 3(a) , where "noise pixels" will be set to the maximum intensity 255 while "noise-free pixels" will assume other values in the dynamic range. This in turn conveys local information such as image details, edges, or noise-free pixels for further processing. Conversely, the minimum operator is unable to distinguish between "noise-free pixels" and "noise pixels" when the minimum absolute luminance difference is applied, as shown in Fig. 3(b) .
As part of the filtering mechanism in the proposed NAFSM filter, fuzzy reasoning is applied to the extracted local information . The fuzzy set adopted is shown in Fig. 4 and defined by the fuzzy membership function : : : (9) where the local information is used as the fuzzy input variable, and the two predefined thresholds and are set to 10 and 30, respectively, for optimal performance [1] , [10] .
Finally, the correction term to restore a detected "noise pixel" is a linear combination between the processing pixel and median pixel . The restoration term is given here as (10) where the fuzzy membership value lends a weight on whether more of pixel or is to be used.
III. SIMULATION RESULTS AND DISCUSSIONS
In this section, the feasibility of the proposed NAFSM filter will be compared to other state-of-the-art salt-and-pepper noise filters based on their simulation results. The PSNR (dB) evaluation scheme is used to assess the strength of the filtered image, while processing time required for executing each filter is also taken into consideration as to measure the computational efficiency of the filters implemented. Since image is subjective to the human eyes, visual inspection is carried out on the filtered images as to judge the effectiveness of the filters in removing salt-and-pepper noise.
In this framework, it is assumed an image corrupted with of salt-and-pepper noise is made up of 0.5 of salt noise and 0.5 of pepper noise. A total of ten standard test images (Baboon, Boat, Cameraman, Goldhill, Lake, Lena, Lighthouse, Parrot, Pepper, and Plane) frequently used in literature are contaminated with salt-and-pepper noise ranging from 5% to 95% with increment steps of 5%, which are to be used in simulations. This set of standard test images contains various characteristics suitable to test the performance of the filters implemented. Fig. 5 shows the graphs of average PSNR value using ten standard test images plotted against the salt-and-pepper noise percentage for the filters implemented. It can be seen the proposed NAFSM filter is able to outperform other recent filters existing in literature by having the highest PSNR values at all level of salt-and-pepper noise. Fig. 6 and Fig. 7 show the restoration results for "Lena" and "Boat" images, respectively, corrupted with 90% of salt-andpepper noise. Obviously, only the OCS filter and the proposed NAFSM filter are able to produce perceptible reconstructed images. However, the proposed NAFSM filter has a better noise [4] , (e) ACWM [5] , (f) DBA [6] , (g) OCS [7] , and (h) the proposed NAFSM method. [4] , (e) ACWM [5] , (f) DBA [6] , (g) OCS [7] , and (h) the proposed NAFSM method. suppression ability as compared to the OCS filter since the filtered images does not have any visible noise patches. Moreover, the NAFSM filter is able to preserve edges, particularly thin lines. The blurring caused by the OCS filter is mainly due to its restoration mechanism, where the OCS filter averages two independently processed images. The DBA filter is capable of removing noise satisfactorily, but at the expense of image details, causing edges to be jagged and distorted significantly. The level of distortion has caused the filtered images to lose its conspicuousness in fine details and shapes. On the other hand, the EDPA, EEPA and ACWM filters have completely failed to remove noise.
The graph of average processing time taken by the filters to process a total of 10 standard test images at each percentage of salt-and-pepper noise is shown in Fig. 8 . In general, the proposed NAFSM filter has a relatively low processing time as compared to the rest of the filters implemented. Except for the DBA filter, the processing time of the NAFSM filter is the lowest up to 80% of salt-and-pepper noise. However, the slightly higher processing time is compensated by the better filtering results as compared to all the filters implemented.
IV. CONCLUSION
In this letter, a NAFSM filter for effective removal of saltand-pepper noise is presented. The proposed filter is able to suppress high-density of salt-and-pepper noise, at the same time preserving fine image details, edges and textures well. In addition, it does not require any further tuning or training of parameters once optimized. By carefully considering the tradeoff between the complexity of the filtering algorithm and the performance of the filter, the proposed NAFSM filter is able to yield good filtering results with efficient processing time. Future research should, in the authors' opinion, focus on estimating the local information adaptively based on fuzzy inference in order to further shorten the processing time when the image is corrupted with high-density of salt-and-pepper noise.
